The Danish Technical University, DK-2800 Lyngby, Denmark ABSTRACT: We investigated the effects of halogenated furanones from the red alga Delisea pulchra on colonisation of surfaces by marine bacteria. Bacterial abundance on the surface of D. pulchra, assessed using scanning electron microscopy (SEM), was significantly lower than on the surfaces of 3 co-occurring algal species, all of which lack furanones. There was also a strong inverse correlation between bacterial abundance and furanone content (previously determined) for different sections of the thallus of D. pulchra, consistent with inhibition of bacteria by furanones. Based on these observations we experimentally investigated inhibition of marine bacteria by furanones, initially testing the effects of crude extract of D. pulchra (about 5 0 % of which is furanones) on the growth of 144 strains of bacteria isolated from the surfaces of D. pulchra, nearby rocks, or a CO-occurring alga (Sargassum vestjtum) This crude extract did not strongly inhibit growth of these bacteria; 7 9 % of the strains grew at 50 pg ml-' of crude extract, and 63 % grew at 500 pg ml-'. Inhibition of growth that did occur was strongly source dependent, with bacteria isolated from rocks the least affected, and strains from D. pulchra the most. As inhibition of growth did not provide an adequate explanation for the inverse relationship between levels of furanones and bacteria abundance on D. pulchra, we proceeded to investigate the effects of these metabolites on other bacterial characteristics relevant to colonisation-attachment, swarming, and swimming. lndividual furanones or crude extract at natural concentrations strongly inhibited bacterial attachment in the laboratory and in the field. In laboratory assays, attachment of 3 strains isolated from rocks was much more strongly affected than that of 3 isolates from D. pulchra, in contrast to the pattern for growth inhibition. We also tested individual furanones against swimming and swarming of the same 6 bacterial isolates (3 from rocks, 3 from D. pulchra) used in the attachment assays. At least some furanones inhibited swarming or sulmming at non-growth-inhibitory concentrations for all isolates, again indicating specific effects against bacterial characteristics. As for attachment, there were significant differences in the responses of different isolates to furanones. We also found that the ability to swarm was widespread among these surface associated marine bacteria, suggesting that swarming may be ecologically important in these systems. Overall, we found that the effects of furanones on bacteria varied among (1) furanones, (2) bacterial phenotypes, (3) different isolates and (4) different sources of isolation (e.g. rocks or algae). This differential inhibition of different bacterial isolates or phenotypes by furanones, as well as affecting overall bacterial abundance on the alga, should have strong effects on the species composition of the bacterial community on the alga's surface. The effects of furanones on specific bacterial colonisation traits are discussed in the light of recent evidence demonstrating that furanones interfere with bacterial acylated homoserine lactone regulatory systems.
INTRODUCTION
actions between eukaryotes. Consequently, as Hay (1996) has pointed out, 'The chemical ecology of Research in marine chemical ecology has to date marine microbes is vastly underappreciated ...'. Alfocussed almost enhrely on chemical mediation of interthough bacteria are ubiquitous in marine systems, in-cluding on or in other organisms (Sieburth 1979 , Unson et al. 1994 , Wahl 1996 , produce unusual and biologically active secondary metabolites (Fenical 1993 , Jenson & Fenlcal 1994 , and can have devastating effects on other marine organisms (Littler & Littler 1995 , Kushmar0 et al. 1996 , we know little about the role of secondary metabolites in mediating ecological interactions involving marine bacteria. This is true both for interactions between microorganisms (see Gil-Turnes et al. 1989 for a rare exception), and those between bacteria and higher organisms. There is extensive evidence that metabolites from marine eukaryotes have strong inhibitory effects against laboratory bacteria wlth biomedical relevance (see Hornsey & Hilde 1974 , Reichelt & Borowitzka 1984 for 2 of many examples), but there are remarkably few studies on the effects of characterised secondary metabolites from marine eukaryotes on marine bacteria (rare examples include Todd et al. 1993 , d e Nys et al. 1995 ).
There are even fewer studies of the effects of eukaryote secondary metabolites on manne bacteria that have a demonstrated association with the relevant eukaryotic host. A few recent studies, however, have shown that not only do metabolites from eukaryotic hosts inhibit ecologically relevant bacteria but in some instances the effects are quite specific. For example, Wahl et al. (1994) and Slattery et al. (1995) found that extracts from ascidians and soft corals (respectively) inhibited bacterial colonisation of artificial surfaces without necessarily affecting the growth of the bacteria. These effects correlated with variation in microbial fouling in the field. These studies (Wahl et al. 1994 , Slattery et al. 1995 suggest that not only can secondary chemicals have important effects on microbial fouling of living marine surfaces, but such effects may be complex and subtle. In particular, compounds may interfere with different stages of the colonisation process, rather than simply being growth inhibitory or toxic. Such a defensive 'strategy' for a host organism may have several advantages over the production of toxins or antibiotics, including providing greater flex]-bllity for inhibiting some bacteria but not others, and minimising the risk of autotoxicity due to the production of toxic metabolites at or near an organism's surface.
We investigated chemical mediation of microbial fouling of the red alga Dellsea pulchra (Grevllle) Montagne (Bonnemaisonales, Rhodophyta), a common subtidal red alga found in southeastern Australia. D. pulchra was chosen as a test organism for several reasons. It is typically unfouled by macroepiphytes in the field, and produces a range of structurally similar secondary metabolites-halogenated furanones (Kazlauskas et al. 1977 , d e Nys et al. 1993 )-that inhibit the settlement of invertebrate larvae and algal spores, and the growth of at least 1 strain of marine bacteria . Furanones also specifically Interfere with the bacterial genetic regulatory system known as the acylated homoserine lactone (AHL) system , Kjelleberg et al. 1997 , and affect speclfic bacterial characteristics (swarming, bioluminescence) at non-growth-inhibitory concentrations ). Thus we hypothesised that furanones would (1) inhibit colonisation of D. pulchra by ecologically relevant marine bacteria, and (2) act in specific ways (e.g. as opposed to being a general toxin or inhibitor of growth) against bacterial traits relevant to the colonisation of surfaces.
To test these hypotheses, we first measured bacterial distribution and abundance on Delisea pulchra and 3 CO-occurring algal species, and related patterns of abundance on D. pulchra to previous measurements (de Nys et al. 1996b of furanones within or on the plant. We then experimentally investigated, in the laboratory and the field, the effects of furanones or a crude lipophilic extract from D. pulchra on different components of the bacterial colonisation process. These components included bacterial growth; attachment of bacteria to a surface; swimming, as a means by which bacteria can approach the surface of the alga; and swarming, in which cells exhibit coordinated multicellular motility and rapidly spread across a surface (Belas 1992 , Harshey 1994 . In order to investigate the possibility that bacteria from different submerged surfaces were differentially susceptible to furanones, assays were done using bacteria isolated from the surface of D. pulchra and from other nearby submerged surfaces.
MATERIAL AND METHODS
Bacterial distribution and abundance. The distnbution and abundance of bacteria on Delisea pulchra and 3 CO-occurring algal species-Laurencia rigida (Rhodomelaceae, Ceramiales), Amphiroa sp. (Corallinaceae, Cryptonemlales) and Sargassum vestitum (Fucales) -were assessed in January 1995. Five individuals of each of these species were collected at Cape Banks, at the northern headland of Botany Bay, NSW, Australia (34" 00' S, 151" 14' E). The plants were transported directly to the laboratory in seawater and washed using a standard procedure involving 30 s washes of each plant in 3 X 1 1 sterile seawater to remove associated but unattached bacteria from the water and algal surface. Each plant was divided Into 5 sections from holdfast to distal tip, and a small piece (8 mm diameter) was cut from each and prepared for scanning electron microscopy (SEM). Epifluorescence techniques were not used because background fluorescence from the algae made it too difficult to accurately count bacteria using such techniques. To prepare samples for SEM, they were fixed in 2.5%) glutaraldehyde in 0.1 M sodium cacodylate buffer made up in calcium and magnesium free artificial seawater. This was followed by alcohol/acetone dehydration, critical point drying and gold sputter coating. Coated specimens were examined using a Cambridge S360 SEM operated at 5 kV. The number of bacteria per cm2 was determined for 6 random fields of view for each of the 5 sections of each alga.
Effect of crude extract from Delisea pulchra on growth of marine isolates. The effect of the crude nonpolar extract from D. pulchra on growth of marine bacteria was assessed for 29 isolates from D. pulchra, 90 isolates from surfaces of submerged rocks nearby to D. pulchra plants, and 25 isolates from the co-occurring alga Sargassum vestitum. Five individual D. pulchra and S. vestitum plants were collected from Cape Banks in November 1994, washed as above and divided into 5 equal sections. Pieces 1 cm in diameter were cut from each section of each plant, placed in 5 m1 sterile seawater and shaken vigorously for 30 min. A 100 p1 aliquot from each tube was then plated out on a VNSS agar plate (MArden et al. 1985) and incubated at room temperature for 36 h. All colonies that visjbly differed from each other in morphology and colour were isolated on agar plates. Isolates from nearby rock surfaces were obtained by swabbing, with swabs shaken in sterile seawater and bacteria plated out as above.
Crude extract of Delisea pulchra used in these growth assays was prepared by freeze drying whole thalli of D, pulchra, extracting in dichloromethane, and rotary evaporating to dryness. The resulting extract is approximately 50%) furanones by weight, of which 90+% is represented by the 4 metabolites shown in Fig. 1 (de Nys et al. 1993 , de Nys et al. 1996b . To test the effects of this extract against the bacterial isolates, it was dissolved in ethyl acetate and incorporated into molten VNSS media (1.5 % Oxoid agar) at 52°C to final concentrations of 0.5, 5, 50 and 500 pg ml-' (equal volumes of solvent were added for all concentrations). Two replicate plates of each treatment, including ethyl acetate and media controls, were poured to a standard thickness prior to inoculation. Isolates from D. pulchra, Sargassum vestitum, or rocks were pre-cultured overnight at room temperature in VNSS media. 10 p1 of the suspension was then drop inoculated onto each plate, with results scored vis.ually as growth (obvious colonies) or no growth after 36 h.
Attachment. The effects of furanones or crude extract on the attachment of marine bacteria to artificial surfaces were measured in the laboratory and in the field at Cape Banks. Crude extract was prepared as described above. Individual furanones (compounds 2 and 3; Fig. 1 ) were isolated as described in d e Nys et al. (1993) and Givskov et al. (1996) . Crude extract or metabolites were dissolved in ethanol so as to give final concentrations of 0 ng (e.g. controls), 10 ng cm ', 200 ng cm-2, 1 pg cm-2 and 10 pg cm-2 when 400 m1 was applied to 11 cm2 clrcular perspex disks (crude extract only) or glass petri dishes. These concentrations span the range of concentrations of furanones (typically 10 to 500 ng cm-', depending on the compound) or crude extract (100s of ng to 1 yg cm-2) found on the surface of Delisea pulchra (de Nys et al. 1998, Dworjanyn et al. in press) . The disks had a slightly raised edge which allowed complete coverage of the surface with ethanol without loss. Disks were dried for 1 h and then attached (randomly with regards to treatment) to a plastic grid with 5 cm between disks. Both glass and perspex surfaces were used in assays with crude extract in order to assess whether the effect of the extract was dependent on the surface on which it was applied. However, only glass petri dishes were used for tests of pure furanones, as we found that we could not achieve a homogeneous spread of the pure metabolites on perspex.
To measure bacterial attachment in the field, the array of coated disks was suspended vertically 50 cm above a bed of Delisea pulchra at Cape Banks at a depth of 2 m using 1 weight below and 4 floats at each corner of the grid deployed vertically. Three disks per concentration of furanones or crude extract (including ethanol and uncoated controls) were used. Because of limitations on the number of disks which could be deployed and then counted at one time, crude extract and each furanone were tested in separate experiments. After 2 h, the array was returned directly to the laboratory in seawater for washing, staining and counting. Disks were washed to remove unattached cells by immersing the array in 3 X 1 1 sterile seawater for 10 S with shaking, and stained with 10 pg ml-' 4 , 6 diamidino-2-phenylindole (DAPI) in artificial seawater. Cells were visualised at xlOOO magnification using an Olympus BH2 epifluorescence microscope (excitation h = 350 nm; emission h = 450 nm). The number of cells per field was counted for 12 fields in the central portion of each plate. These field assays measured the effects of metabolites on attachment of the mixed assemblage of bacteria present in the field. In order to determine whether host versus non-host strains of bacteria differed in their abillty to attach to surfaces in the presence of furanones, the attachment to surfaces coated with crude extract of 3 bacterial strains isolated from Delisea pulchra, and 3 isolated from nearby submerged rocks, was assessed in the laboratory (see below for details of isolation procedure and strain selection). Each strain was cultured at room temperature in 250 m1 VNSS medium until reaching ODSg5 = 0.7. Cells were removed by centrifugation at 15 000 X g for l 0 min and resuspended in 1 1 sterile seawater in a large glass container. The array of disks coated with crude extract was immersed in the bacterial suspension for 2 h at room temperature with shaking. Concentrations of crude extract tested were the same as for the field experiment, and there were again 3 disks per treatment. After 2 h, the disk arrays were removed from the containers, washed, and the bacteria stained and counted (in 12 fields of view per disk) as described above.
Isolation, selection, and assays of surface-associated bacterial isolates. In order to look in greater detail at the phenotypic response of individual bacterial strains to individual furanones, 3 strains of bacteria were selected from those isolated from Delisea pulchra, and 3 from those isolated from nearby rocks, and the effects of furanones 1 to 4 on swimming, swarming, and growth investigated (these strains were also tested against crude extract in the laboratory attachment assay described above). The selection of these 6 isolates was based on (1) their distinctly differing morphologies, minimising the chance that 2 or more isolates were in fact the same bacterial strain, and (2) the ability of the isolates to swarm, swim, attach (above) and grow under our laboratory culture conditions. We found that of all these assays, swarming was the least predictable and most sensitive to environmental conditions, and selection of the 6 strains was thus ultimately determined by our ability to establish a consistent swarming assay with each strain.
Swarming. Bacterial swarming occurs when cells in a colony elongate, hyperflagellate, and then rapidly spread across a surface in a coordinated fashion (Belas 1992, Harshey 1.994 ). On agar plates, swarming is evident (macroscopically) as a series of concentric rings of swarmer cells on the surface of the agar. Using these criteria, 180 bacterial isolates from the surfaces of Delisea pulchra and rocks were screened for swarming motility on agar plates. Since swarming is affected by the composition and viscosity of the media, 2 media [VNSS and LB20 (5.0 g yeast extract, 10.0 g tryptone. 20.0 g NaCl made up to 1 l)] and 4 agar concentrations (0.4 to 1.0% Oxoid agar) were used in the screening.
Plates, including 2 replicates of each media and agar concentration, were poured to a standard thickness and dried for 1 h. Isolates were pre-cultured in VNSS media overnight at room temperature, stab inoculated in the centre of each plate, then incubated at room temperature (22 to 24OC). Plates were observed regularly over 48 h. The colony rim of isolates exhibiting macroscopic surface colonisation was observed under light microscopy at x400 magnification to evaluate if cells were differentiated into elongated hyperflagellated cells displaying coordinated multicellular motility, as described for classic swarming motility (Belas 1992) .
Approximately 25% (overall) of the isolates tested swarmed. Of these, the behaviour of 3 isolates from Delisea pulchra (designated V21, V54, V55) and 3 from rock surfaces (designated R12, R86, R130) was most cons~stent and these strains were chosen for subsequent testing of swarming, swimming, growth, and attachment (attachment assays described above). Rock strains swarmed best on LB20 media, while the strains from D. pulchra swarmed best on VNSS media. To be consistent across different assays, these media were then also used in subsequent tests of swimming and growth. Thus, unlike the analysis of the laboratory attachment assay, use of these 2 media for the 2 groups of isolates prevented a formal comparison of the effects of furanones on isolates from different sources (D. pulchra vs rocks).
Swarming in the presence of furanones 1 to 4 was assessed for the 6 bacterial isolates by first dissolving furanones in ethanol and then incorporating them into molten LB20 or VNSS semisolid media (0.4 to 0.6% Oxoid agar) at 52OC to final concentrations of 5, 25 and 50 pg ml-' (all 4 furanones are heat stable to >lOO°C; R. de Nys unpubl.). These plates, including 3 replicates of each treatm.ent (including media and ethanol controls), were poured immediately to a standard thickness and dried for 1 h. Isolates were pre-cultured overnight at room temperature (22 to 24°C) in the appropriate media, stab inoculated in the centre of each plate, then incubated at room temperature. The radius of colony spread over 48 h was taken as a measure of swarming.
Swimming. In contrast to swarming, bacterial swimming occurs in an uncoordinated fashion, in which the cells swim through-water channels within the semisolid agar, forming chemotactic rings, the radius of which can be measured from the point of inoculation and used as an assay parameter (Eberl et al. 1996a) . Swimming in the presence of furanones 1 to 4 was assessed for 6 bacterial isolates by dissolving furanones in ethanol and incorporating them into molten LB20 or VNSS semisolid media (0.2% Oxoid agar) at 52°C to final concentrations of 5, 25 and 50 pg ml-l Three replicate plates, poured to a standard thickness and dried for 1 h, were used for each treatment, includ-ing plain media and ethanol controls. AS for swarming, from the point of inoculation (Eberl et al. 1996a after 48 h was used as our measurement of swimm~ng velocity. Growth. Bacterial abundance along the thallus of Delisea pulStatistical analyses. Variation in the abundance of chra varied by more than a n order of magnitude, from bacteria on algae, and the effects of furanones or crude approximately 106 cells cm-' at the apical tip of the extract from Delisea pulchra on swimming, attachplant to >107 cells cm-2 at the base (Fig. 2) . Abundance ment, growth in liquid media and swarming were of bacteria on the 2 basal sections of D. pulchra difanalysed using Analysis of Variance (ANOVA) folfered significantly from abundance on the 3 uppermost lowed by Tukey's simultaneous multiple range test sections (ANOVA as per (Fig 3) . The effect of crude extract on growth of bac-
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teria isolated from the surface of the brown alga S. rigida was comparable to abundance on the basal sections of D. pulchra, but significantly higher than that on the more distal sections ( Fig. 2 ; Tukey's tests). In contrast to D. pulchra, there was relatively little varlat~on-and no consistent pattern-in the abundance of bacteria among different parts of the thalli of Amphiroa sp., S. vestiturn or L. ngida (Fig. 2 ) . Bacteria on these other algae, and on the lower parts of the thallus of D. pulchra, appeared to form confluent biofilms. In contrast, bacteria on the more distal sections of D. pulchra were patchily distributed, often occurring as one or a few isolated cells.
Effects of crude extract on growth Overall, the crude extract of Delisea pulchra was not strongly growth inhibitory against 144 ecologically relevant bacterial strains isolated from D. pulvestitum was intermediate between that of isolates from rocks and D. pulchra. These differences in inhibition of isolates from the different sources were significant at p = 0.05 for concentrations of 50 and 500 pg ml-l of extract. This conclusion was based on a l-way X ' for these data where classes consisted of each combination of source and concentration, followed by the pairwise comparison procedure outlined in Sokal & Rohlf (1995, p. 723-724) . At a concentration of crude extract of 50 pg ml-l, the percent of strains growing from the different sources followed the pattern, rock = S. vestiturn > D. pulchra strains. At 500 pg ml-l, the pattern was rock strains > S. vestitum = D. pulchra strains. In these growth assays the results (growth or no growth) of the 2 replicates (per isolate per concentration) were identical in all cases. As suggested by the numbers of isolates tested from the different sources, isolation of bacteria from rocks typically resulted in higher numbers of distinguishable strains than isolation from D. pulchra or S. vestit urn. The a.bility of most strains to grow even at high concentrations of crude extract did not provide an adequate explanation for the low numbers of bacteria on. Delisea pulchra relative to other CO-occurring algae, nor for the inverse correlation between furanone levels and bacterial numbers along the thallus of this alga. We thus proceeded to test the effects of furanones Table 2 Nested analyses of variance for field bacterial attachment assays (Fig. 4) against other bacterial characteristics relevant to the colonisation of surfaces.
Attachment
Crude extract, and furanones 2 and 3 (Fig. l ) , strongly inhibited attachment of bacteria in the field (Fig. 4, Table 2 ). Concentrations of 100 ng c i r 2 or more were inhibitory in all assays [Fig. 4 , ANOVA (Table 2) followed by Tukey's test, cc = 0.051, and concentrations as low as 10 ng cn1r2 were inhibitory in some tests. A concentration of 1.0 pg cm-2 of crude extract (containing approximately 500 n g cm-2 of furanones) coated onto perspex or glass disks reduced the number of attached bacteria to less than 20% of control numbers (Fig. 4) . Concentrations tested reflect the natural concentrations of crude extract or individual compounds found on the surface of D. pulchra (de Nys et al. 1998, Dworjanyn et al. in press) .
The 6 bacterial strains (V21, V55, and V54 from Delisea pulchra, and R86, R12, R130 from nearby rocks) tested individually were also strongly inhibited by crude extract of D. pulchra in laboratory assays (Fig. 5, Table 3 ). As was the case for growth, the source of the isolates strongly affected their response in these assays. However, in contrast to the results for the growth screen, attachment of strains isolated from rocks was on average inhibited at significantly lower concentrations than that of strains isolated froin D. pulchra ( Fig. 5 ; Table 3 , note 'Source' effect). Attachment of rock strains was highly sensitive to the presence of extract; concentrations of 10 ng cm-' significantly inhibited attachment of all 3 rock strains, relative to solvent controls (Table 3 ; Tukey's test, a = 0.05).
Attachment of strains from D. pulchra was not significantly inhibited below concentrations of 1 pg cm-> (Fig. 5 , Table 3 followed by Tukey's test). 
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on swarming (Table 5A ). Different isolates were to some extent also differentially affected by furanones (Table 5A ; p = 0.014 for factor Furanones) although the overall pattern of inhibition of swarming by furanones was much more similar than for swimming (see below).
Swimming
Furanones had relatively little effect on swimming of strains isolated from rocks ( Fig. 7 for furanone 2, Table 4 ); swimming by rock strains was often not inhibited by furanones even at the highest concentration tested (Table 4 ). In contrast, most furanones significantly inhibited swimming by strains Fig. 6 . lnhibition of swarming motility by furanone 2 for 3 bacterial isofrom Delisea pulchra (Fig, 7, Table 4 ), lates from Deliseapulchra (V55, V21, V54), and 3 from nearby submerged rocks (R86, R12, R130), tested on agar plates. Data are mean * SE for N = such as V211 inhi-3 plates for each strain at each concentration bition of swimming could not be distinguished from inhibition of growth (Table 4) . Surprisingly, in 1 instance (furanone 3 Tests of individual furanones against swarming, swimming, and growth for isolates from rocks and Delisea pulchra against strain V21) swimming was unaffected at a concentration which significantly inhibited growth, perhaps suggesting a specific effect of this furanone on growth, but not swimming, of this strain. The minimum inhibitory concentrations (concen trations at which a statistically significant effect was at a = 0.05) for 4 furanones ( Fig. 1) against swarminginq of bacterial isolates from the surfaces of D. pulchra and swimming, and growth of 3 isolates from Delisea pulchra nearby submerged rocks (V21, V55, and V54) and 3 isolates from nearby rock surfaces (R86, R12, R130) are summarised in Table 4 . A description of specific effects follows. In order to save space, for swarming and swimming assays, only results for furanone 2 are presented graphically. For growth experiments (in w h c h data are individual growth curves over time for each strain for each furanone at each concentration), only the relevant ANOVA (see Table 6 ) and the summary in Table 4 are presented.
Swarming
Of a total of 180 marine bacterial isolates screened, 11 % of isolates from Delisea pulchra and 28 % of isolates from rock surfaces swarmed on the test media. Swarming of all isolates was significantly inhibited by furanones (Fig. 6 for furanone 2; Tables 4 & 5A), usually at the lowest concentration (5 pg ml-l) tested, although in a few instances (furanone 3 for strains V21, V55, R130, furanone 4 for V21; see 
Growth
The effects of individual furanones 1 to 4 on growth over time of the 6 selected isolates in liquid media are summarised in Tables 4 & 6, with minimum significant inhibitory concentrations shown [ANOVA, followed by Tukey's tests (not shown), on OD measured at 595 nm of liquid cultures after 10 h]. As indicated by the analysis (Table 6) 
C o n c e n t r a t i o n
( p g l r n l ) Fig. 7 . Inhibltlon of swirnmlng motility by furanone 2 for 3 bacterial lsolates from Dehsea pulchra (V55, V21, V54), and 3 from nearby submerged rocks (R86, R12, R130) tested on agar plates. Data are mean & SE for N = 3 plates for each strain at each concentration significantly more sensitive to furanones than isolates from rocks, as was observed in the more general screening (Fig. 3) , although this could not be formally determined because strains from D. pulchra were grown on different media than those from rocks (see 'Materials and methods').
DISCUSSION

Chemical mediation of marine eukaryotelbacterial interactions by secondary metabolites
There is a n extensive literature on the antibiotic effects of secondary metabolites or extracts from marine benthic invertebrates and algae against standard laboratory, or biomedically relevant, bacteria (e.g. Table 6 Analysis of variance of growth, as measured by absorbance at 595 nm In 11quid medla, of 3 rock strains and 3 strains isolated from Delisea pulchra grown in the presence of furanones 1 to 4 at concentrations of 0, 5, 25, and 50 pg ml-l. Analysis done after 10 h of growth N = 3 cultures per combination of treatment known about how secondary metabolites mediate interactions between marine eukaryotes and their associated bacteria (see reviews by Davis & Wright 1989 , Hay 1996 . In fact, to our knowledge, the research described here is the first time that characterised secondary metabolites from a marine eukaryote have been experimentally tested against bacteria associated with the eukaryote. Ecologically relevant evidence for the effects of secondary metabolites from marine bacteria against other marine organisms is also rare (e.g. Gil-Turnes et al. 1989) . For the most part, evidence that secondary metabolites mediate interactions between marine eukaryotes and relevant bacteria is based on a sm.al1 number of studies that (1) relate variation in eukaryotic secondary metabolites (usually measured within, rather than on the surface of, the host), or the activity of crude extracts, to bacterial abundance on host surfaces (Becerro et al. 1994 , Wahl et al. 1994 , Slattery 1995 , Wahl 1995 ; (2) show that crude extracts from eukaryotes kill bacteria, or inhibit their growth or attachment (Becerro et al. 1994 , Wahl et al. 1994 , Slattery 1995, this paper); or (3) relate the settlement of invertebrate larvae to chemical cues produced by bacterial biofilms (Kirchman et al. 1982 , Maki et al. 1988 , Maki et al. 1990 , Szewzyk et al. 1991 , Holmstrom et al. 1992 . Both observational and experimental data indicate that furanones have strong inhibitory effects on bacteria from the alga or its habitat. Numbers of bacteria on Delisea pulchra were low, relative to those on other cooccurring algal species, and there was a strong inverse relationship between variation in bacterial numbers and furanone content (de Nys et al. 1996b, Dwo janyn et al. in press) along the alga. [While bacterial counts were done via scanning electron microscopy (SEM) after critical point drying, which can damage cell morphologies and thereby affect estimates of abundan.ce of some cyanobacteria (Nagarkar & Williams 1997) and diatoms, we saw little evidence of damaged morphologies of the bacteria counted here, which otherwise might have suggested artifacts in counting.] The relationship between bacterial numbers and furanones is correlative, but is not easily explained by potentially confounding factors such as the age of different parts of the alga, variation in local environmental conditions, or the growth pattern of the alga. The 3 other species of algae sampled in this study CO-occur with D. pulchra, and thus variation in, local conditions-light, temperature, etc.-are unlikely to account for the observed differences in bacterial abundance. Moreover, like D. pulchra, both Sargassum vestitum and Laurencia rigida have apical growth, but numbers of bacteria on the latter 2 species do not decrease from th.e oldest (basal) to youngest (apical) tissue, as for D. pulchra. S. vestitum and L. rigida also produce secondary metabolites which inhibit fouling organisms in laboratory assays (Sieburth & Conover 1965 , Sieburth 1968 , de Nys et al. 1996a ), although it is unclear whether these metabolites are active in situ (Jennings & Steinberg 1997 ). The fourth species examined, Amphiroa sp., belongs to a group of algae (the Corallinaceae) which slough their epithallial layers (external cell layer; Johnson & Mann 1986, Keats et al. 1997) . Although epithallial sloughing has not been investigated specifically for Arnphiroa sp., if present it should also substantially reduce fouling. However, numbers of bacteria on the surface of this alga were not significantly different from L. rigida or S. vestitum. Thus even in con~parison with CO-occurring algae that are thought to employ antifouling or antibacterial mechanisms, bacterial abundance on the surface of D. pulchraparticularly on apical portions-was low.
In laboratory assays, furanones or crude extract of Delisea pulchra inhibited a range of colonisation-relevant phenotypes, including swimming, attachment, growth, and swarming, of bacteria isolated from D. pulchra, Sargassum vestitum, or nearby rocks. Attachment of bacteria was also significantly inhibited in the field, as was also observed by Slattery et al. (1995) for extracts of Antarctic soft corals. Not all furanones were equally effective against all bacteria or phenotypes tested (see below), but the overall breadth and strength of inhibition observed in these assays suggests that these compounds are consistent inhibitors of bacterial colonisation in the field.
Importantly, bacteria in these assays were inhibited at ecologically realistic concentrations of furanones or crude extract. As Davis et al. (1989) and Hay (1996) point out, a crucial consideration in assessing the effects of eukaryote metabolites on bacterial fouling is the ability to measure concentrations of metabolites on or near the surface (rather than internally) of the producing organism, which is where epiphytic bacteria will contact the metabolites. We have measured concentrations of furanones on the surface of D. pulchra by dipping the plant in non-polar solvents which do not damage surface cells (de Nys et al. 1998, Dworjanyn et al. in press) , similar to the technique used by Zobel & Brown (1988 for terrestrial plants. Surface concentrations of individual furanones typically range between 10 and 250 ng cm-2 (depending on the furanone measured), occasionally exceeding 1 pg cm-2 on some thalli. These concentrations overlap the levels of metabolites or extract tested in the attachment assays. The concentrations used in agar plate assays for swimming, swarming or growth were volumetric (pg ml-') and thus more difficult to relate to surface concentrations. However, if we assume that bacteria in assays on agar plates primarily contact metabolites in a slice consisting of the upper 100 pm of the plate, then 10 pg ml-l in the agar represents a concentration of 100 ng cm-' in that slice, which is again well within the range of concentrations measured on the surface of the plant. Variation in concentration on the surface of different plants is also correlated with variation in whole plant concentrations (Dworjanyn et al, in press ), indicating that previous measurements of variation In whole thallus chemistry are relevant to bacterial fouling of the alga, at least in a relative sense.
Specificity of effects for furanones
Perhaps the most notable aspect of our results was the complexity which characterised the inhibitory effects of furanones or crude extract on bacteria. These compounds were not in general simple inhibitors of growth, although for some strains and at some concentrations growth was strongly inhibited. However, by comparing the effects of f.uranones on growth to effects on other colonisation phenotypes, the gross effects of these compounds could be decoupled from their more specific effects (see Wahl et al. 1994 for a similar decoupling of growth and attachment). These more specific effects of furanones were strong but highly variable, differing among sources of bacteria (rocks vs Delisea pulchra, and for growth, Sargassum vestiturn), among individual isolates from one source, among the 4 bacterial colonisation traits measured, and among the different furanones tested. This variation in the response of the bacteria was not consistent or predictable across phenotypes, or across sources of isolation. For example, attachment of rock strains was inhibited at much lower concentrations of crude extract than that of strains from D. pulchra, but growth of strains from D. pulchra was much more strongly affected than that of rock strains.
Because of the complexity of the bacterial attachment process, this characteristic by itself would potentially provide a wealth of possible targets for inhibition by furanones or other eukaryotic secondary metabolites (and possible counter adaptation by bacteria). Bacterial attachment is affected strongly by the physiological status of the cell (Fletcher 1996) , the production of specific adhesins (Mittelman 1996) , and the presence of specific receptor proteins on the surface of the cell (Doig et al. 1989 )-a11 of which are thought to be under the control of specific genetic regulatory mechanisms. Indeed, several genes are thought to be specifically induced when the cell contacts a surface (Dalton et al. 1996) . Potentially furanones may be acting on any of these bacterial characteristics, providing considerable scope for acting differentially against different bacteria. Attachment is also affected by physicochemical characteristics of the surface, including its wettability or hydrophobicity (Dexter et al. 1975 , Rosenberg et al. 1986 ), its net charge (Beveridge et al. 1997) , the presence of conditioning films, and the presence of specific organic (e.g. Chet et al. 1975 , Marshal1 1996 or inorganic molecules (reviewed by Van Loosdrecht et a1 1989) . However, we have found (Steinberg et a1 1998) that coating furanones or extract onto glass or plastic surfaces at the concentrations used in this study has relatively little effect on simple physicochemical properties of these surfaces (such as contact angles), suggesting that the compounds do not function simply by physically modifying surfaces .
As well as inhibiting attachment of bacteria, furanones also inhibited the bacterial surface spreading behaviour known as swarming (also see Givskov et al. 1996 , Cram et al. 1996 for inhibition of swarming by furanones of non-marine bacteria). Such surface spreading behaviour may be very advantageous to surface associated bacteria (Allison & Hughes 1991 , Belas 1992 , since it allows cells to rapidly colonise a surface (swarmer cells elongate, hyperflagellate and rapidly move over a surface; Belas 1992). Inhibition of this behaviour by host metabolites would thus keep a bacterial colony localised. Swarming is mostly known only for a number of common laboratory strains (Harshey 1994) , and there is no indication of how widespread swarming is among bacteria from particular environments (information on swarming in marine bacteria is primarily restricted to studies of Vibrioparahaemolyticus, e.g. McCarter & Silverman 1990, McCarter et al. 1992) . However, approximately 25% of the 120 marine bacterial strains isolated from Delisea pulchra and rock surfaces in this study exhibited swarming, and many more may swarm under different nutrient and viscosity conditions that were not included in this study. Thus, swarming may be a widespread phenotype among marine surface associated bacteria, and play an important role in bacterial fouling in the aqueous environments.
Only 3 strains each from rock surfaces and Delisea pulchra were individually assayed for their reponse to furanones. This is a limited number of strains, although the results of these assays are consistent with the general screening of crude extract againts growth. Given this caveat, the differential effects of furanones on bacteria from different surfaces are intriguing, because the results are counterintuitive in a number of respects. Bacteria isolated from a host plant would be expected to perform better than non-host strains when exposed to an inhibitory component of that host, because of prior long-term exposure to those metabolites. However, while bacteria isolated from D. pulchra were more tolerant to furanones than those froin rocks in the attachment assay, they were much less tolerant to the effects of furanones on growth. Moreover, growth of isolates from another alga-Sargassum vesfitumwas more strongly inhibited by furanones than that of strains from rocks. Thus, furanones appear to differentially inhibit bacteria from host versus non-host surfaces, as well as bacteria from inanimate versus Living surfaces. This differential inhibition of attachment and growth, as well as affecting overall bacterial abundance on the alga, should have strong effects on the species composition of bacteria on the alga's surface. For example, some ind~vidual bacterial strains may be inhibited from attaching to D. pulchra, or if they can attach, may subsequently be inhibited from growing (or spreading across the surface).
From the perspective of the bacteria, our results strongly suggest differential adaptation of bacteria to different host surfaces. Such adaptation may either be due to (1) bacteria that are specifically (constitutively) adapted to different host plants or surfaces, or (2) induction of particular genotypes within the same species of bacteria when they contact different surfaces (e.g. McCarter et al. 1992 , Dalton et al. 1994 . While these 2 possible alternatives cannot yet be completely distinguished, we note that the isolates used in the laboratory assays would have divided some tens to hundreds of times (i.e. generations) prior to their use in these assays, suggestive of a constitutive, rather than inducible, difference.
The prevalence of specific adaptations of marine bacteria to different living host surfaces is unknown, as is the extent to which different living hosts attract specialised assemblages of bacteria. Strains used in these assays were selected in part based on the distinctness of colony morphology relative to other strains, and may or may not be representative of other strains from these surfaces (although the effects of furanones on the 6 selected strains reflected their activity in the general screening for growth effects). Wahl (1995) found little evidence for specialisation of bacteria on different host ascidians in the Pacific and Bahamas. However, for some groups of eukaryotes, such as vertebrate parasites and insects on plants (Mitter & Brooks 1983 , Futuyma & Moreno 1988 , Thompson 1994 , host specialisation to individual host species is common. Moreover, one of the major theories which explains host specialisation in terrestrial insects is specific adaptation to host plant chemistry which is distinct among different host species. This argument would seem applicable to chemically rich algae such as Delisea pulchra, and thus we might expect to Find specialised species of bacteria on this host plant. Such specialisation would also be facilitated by the rapid potential for evolution by bacteria, relative to most eukaryotes.
Specific interference by furanones with bacterial signalling systems?
Increasingly, bacteria are seen as being capable of actively responding to the environment in a coordinated, 'multicellular' fashion, via the use of regulatory systems that are mediated by chemical signalheceptor systems (Kell et al. 1995) . One such system, increasingly well studied, is the acylated homoserine lactone (AHL) regulatory system, the details of which are reviewed by Fuqua et al. (1996) and Swift et al. (1996) . This regulatory system uses AHLs as signal molecules to regulate a wide range of cell phenotypes which are important in the association of bacteria with higher organisms. These include swarming, exoenzyme production, antibiotic synthesis and swarming, as well as other phenotypes such as bioluminescence (Swift et al. 1994 , Kell et al. 1995 , Eberl et al. 1996b .
Furanones from Delisea pulchra show close structural similarity to AHL signal molecules , Kjelleberg et al. 1997 , and interfere specifically with a number of AHL regulated phenotypes in laboratory and marine bacteria without inhibiting growth. These phenotypes include swarming in Serratia liquefaciens , bioluminescence in Vibrio fischeri and V. harveyi, and a number of other presumed AHL phenotypes where the regulatory details are less well known , Kjelleberg et al. 1997 . Recent evidence from our group suggests that furanones inhibit these processes by binding to the R homologous receptor protein in the AHL regulatory loop, thereby preventing binding of AHLs at this site [M. Manefield unpubl.).
Thus one possible explanation for the effects of furanones as specific inhibitors of particular phenotypes against the bacteria tested here is that they interfere with AHL (or analogous) regulatory systems in marine bacteria which regulate these phenotypes. Although the presence of AHL systems has not yet been demonstrated in these bacteria, this result is consistent with several observations. First, the compounds interfere with specific phenotypes at non-growth-inhibitory concentrations. One of these traits-swarming-is a known AHL phenotype in other bacteria (Eberl et al. 1996a, b) . Second, different furanones have different effects, as would be expected if analogous AHL systems in different bacteria are regulated by slightly different s~gnals (AHLs) or receptors, as is the case For many characterised AHL systems (Swift et al. 1996) . Moreover, because AHL regulatory systems govern a wide range of phenotypes in bacteria, interference with such systems would provide an explanation as to how furanones could inhibit a broad array of bacterial phenotypes while having no overall effect on growth or survival.
Since m a n y bacterial phenotypes a r e u n d e r t h e control of specific regulatory systems mediated b y chemical signals, t h e r e is considerable scope for interference b y host secondary metabolites. Manipulation of such regulatory systems m a y h a v e n o effect o n growth, while strongly influencing bacterial fouling capabilities. We h a v e s h o w n that t h e effects of furanones on bacterial colonisation phenotypes a r e d u e to interfere n c e with specific cell processes rather than to toxicity or g e n e r a l surface modification. Interference with AHL autoinduction provides one potential mechanistic e xplanation for t h e s e effects.
